A B S T R A C T The enzymatic deiodination of thyroxine (T4) is thiol dependent. Fasting (72 h) depresses hepatic T4 deiodination and lowers the hepatic content of nonprotein sulfhydryls (NP-SH) and reduced glutathione (GSH). It has been proposed that the fasting effect may be mediated through these alterations in hepatic suilflydryls. To test the importance of tissue (hepatic) thiol content in the modification of T4 deiodination consequent to dietary manipulation, we examined the sequential deiodination of T4 to 3,5,3'-triiodothyronine (T3) (5'-deiodination) and 3,3',5-triiodothyronine (reverse T3, rT3) (5-deiodination) in liver homogenates without added thiol from groups of rats fed Purina lab chow (P) (a protein-rich diet), glucose alone (G), or glucose plus cysteine (G,) for 72 h or fasted (F) for the same period. The initial rate of each reaction was compared to the tissue concentrations of NP-SH and GSH.
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Dietary manipulation induced significant changes in hepatic deiodination of T4 to T3 and rT3 and sulfhydryl content. There was a marked dissociation between the rate of each reaction and hepatic NP-SH and GSH levels. T4 deiodination by the alternative pathways was significantly higher (P < 0.01) in G > P > F. In contrast both hepatic NP-SH and GSH concentrations were greater (P < 0.05) in P > F > G. The lack of a relationship between these parameters was further emphasized on analysis of tissue from rats fed GC. Despite the clearcut (P < 0.01) increase in hepatic NP-SH and GSH conseqtuent to GC feeding, there was no alteration in iodothyronine deiodination compared to the group fed glucose alone.
These data indicate that the effects of diet on T4 monodeiodination in liver are not mediated by changes in the tissue level of sulfhydryl compounds but rather involve alterations in the concentrations of the deiodinases.
INTRODUCTION
Caloric intake appears to be a major physiological regulator of thyroid hormone activation. It has been demonstrated that both short-term fasting (1) and longterm starvation (2-4) significantly depress the circulating levels of 3,5,3'-triiodothyronine (T3)' and elevate 3,3',5'-triiodothyronine (reverse-T3; rT3) in man. In man these dietary induced changes in thyroxine (T4) deiodination are a consequence ofa decrease in the daily production of T3 and in the disposal of rT3 (2) (3) (4) . Tissue studies in animals, particularly in the rat liver, tend to support these in vivo findings (5, 6) .
The actual mechanisms by which fasting induces these changes have not been fully elucidated. Previous reports suggest that the effects of fasting result from a change in the concentration of deiodinase (7, 8) and/or in the availability of a cofactor (9, 10) .
T4 deiodination is thiol dependent (11) and, as the tissue (hepatic) levels of nonprotein sulfhydryls (NP-SH) and reduced glutathione (GSH) are diminished in the fasted state (9) , it has been proposed that the effect of fasting is mediated throuigh a deficiency of these cofactors. It has been demonstrated that the effects of fasting on T4 deiodination to T3 can be reversed with the addition ofan excess ofthiol reagents in vitro (9, 10) . However, we and others have failed to induce this reversal of the fasting effect (7, 8) .
To test the importance of tissue (hepatic) thiol content in the modulation of T4 deiodination consequent to dietary modification, we examined the deiodinatino of T4 to T3 and rT3 in liver homogenate from rats fed a variety of diets or fasted for the same period. The specific activity of each reaction was compared to 'Abbreviations used in this paper: F, fasted animals; G, animals fed 20% glucose in H20; GC, animals fed gluicose plus levels of cysteine increasing from 0.25%, G,, to 0.5%, GC2, and finally to 0.75%, Gc3; GSH, reduced glutathione; NP-SH, nonprotein sulfhydryls; P, Purina-fed controls; T4, thyroxine; T3, 3,5,3'-triiodothyronine; rT3, 3,3',5'-triodothyronine. the tissue content of NP-SH and GSH. The data suggest that the effect of fasting is mediated through a change in the concentration of deiodinase rather than in the availability of cofactor. METHODS T4 and T3 were obtained from Sigma Chemical Co., St. Louis, Mo. rT3 was generously provided by Dr. Eugene C. Jorgensen, University of California, San Francisco. 1251-T3 and I251-rT3, each labeled in the phenolic ring position at specific radioactivities of 500-900 ,uCi/,Lg, were purchased from New England Nuclear, Boston, Mass. Goat anti-rabbit gammaglobulin serum was obtained from Antibodies Inc., Davis, Calif. o-phthaladehyde was purchased from Sigma Chemical Co., 5,5'-dithiobis-2-nitrobenzoic acid from Aldrich Chemical Co., Inc., Milwaukee, Wis., and EDTA was supplied by Eastman Organic Chemicals Div., Eastman Kodak, Rochester, N. Y. Other chemicals used were reagent grade and were purchased from commercial suppliers.
Animals and diets. Incuibations were performed in hepatic preparations obtained from male Sprague-Dawley Rats. Within each experiment the rats (groups, n = 4) were closely matched for weight and age. For 1 wk before each study period the animals were maintained on an ad lib intake of H2O and Purina rodent laboratory chow; 5001 (25% protein content) from Ralston Purina Co., St. Louis, Mo. Fasted animals (F) were totally deprived of calories (H20 ad lib only) for 72 h before sacrifice, whereas fed controls were allowed access to food. In the initial experiments the controls ate Purina (P) or drank 20% glucose in H2O (G). In later experiments a number of groups were fed glucose plus cysteine (Gr) and compared to the glucose fed group. Diets were enriched with cysteine to increase the hepatic content of sulfhydryls. Cysteine was added to glucose at the following concentrations: 0.25% (Gc,); 0.5% (GC2), and 0.75% (Gr3).
Liver homogenization and incubation. Liver was homogenized (800 g pellet discarded) and T4 incubations performed as previously described (8) . T4 (1 uM) deiodination to T3 was analyzed in 25% homogenate (pH 7.2), whereas T4 (1 AM) deiodination to rT3 was studied in 2% homogenate (pH 8.5) to facilitate optimum conditions. The buffer used for both incubations was 0.5 M Tris-HCL that contained 0.25 M sucrose and 10 mM EDTA. The initial rate of each reaction was studied; samples (100 ,ul) for analyses were removed from incubations (37°C) at 5 min (T4-rT3) and 15 min (T4-T3) and added to 0.9 ml of ice-cold, iodothyronine free, normal humani serum (serum extracts). The respective triiodothyronines in the seruim extracts were measured by the previously described specific radioimmllnunoassays (12) . In each experiment the amount of product was corrected by the appropriate recovery and the amount of iodothyronine present in unincubated control tubes.
Analysis of hepatic GSH and NP-SH groups. The concentration of both GSH and NP-SH was measured in all homogenates using a modification of the methods described by Hissin and Hilf (13) for GSH and Sedlak and Lindsay (14) for NP-SH. A 2.5% homogenate was prepared in a 0.02 M EDTA solution, (200 mg liver in 8 ml 0.02 M EDTA). Aliquots were taken for protein estimation by the method of Lowry et al. (15) . 4.5 ml of homogenate was mixed with 1.5 ml 25% H3 P03 in cellulose nitrate tubes ('/2 x 21/2 in.) to precipitate proteins. This preparation was centrifuged at 4°C at 100,000 g for 30 min.
GSH assay. To 10 ,ul of the 100,000 g supernate, 2 ml of 0.1 M P04 (13.8 g Na2NPO4 + 0.73 g NaH2PO4) containing 0.2 M EDTA (pH 8.0) and 100 al o-phthaladehyde were added. After thorough mixing and incubation at room temperature for 15 min, the solutions were transferred to quartz curvettes. Fluorescence at 420 nm was determined with the activation at 350 nm, on a Perkin-Elmer fluorescence spectrophotometer (Perkin-Elmer Corp., Instrument Div., Norwalk, Conn.). The GSH content was read off a standard curve (GSH: 5-100 ,M) and results expressed per milligram protein.
NP-SH assay. To 2 ml of 100,000 supernate, 4 ml of 0.4 M Tris-HCL (pH 8.9) and 0.1 ml of 5,5'-dithiobis-2-nitrobenzoic acid were added. After mixing and incubating at room air for 5 min, the NP-SH content was determined colorimetrically at 412 nm on a Hitachi spectrophotometer (Hitachi America, Ltd., San Francisco, Calif). Results were compared with those obtained from prepared standards. The NP-SH concentration was expressed per milligram protein.
Statistical methods. Mean valtues (mean+±SE) from experimental groups were compared to controls using Student's t test for unpaired data.
RESULTS
Effects of dietary manipulation on body weight and serum glucose concentration. Table I demonstrates that body weight changes were significantly different for each dietary group. The P group gained weight, whereas both the G and F groups lost weight. Despite this difference, both P and G maintained normal blood glucose values. The mean serum glucose of fasted animals was significantly lower (P < 0.01) than in either of the fed groups.
Effects of dietary manipulation on serum T4 and T3 concentration. The F group mean serum T4 and T, valuies were significantly lower (P < 0.01) than the respective valuies in the fed grouips (Table I) . Althouigh there was no difference between the meain seruim T, values for P and G, the T3 mean in P was significantly less (P < 0.05) than in G. Regression analysis of all data revealed a lack of correlation between seru-m T3 and glucose valuies, (r = -0.3, P > 0.2). Chlanges in hepatic 5' and 5 deiodination. It is clear fromi Fig. 1 (left) that T4 deiodination to T3 and rT3 was significantly hiigher (P < 0.01) in G coinpared to P. The rates of b)oth reactions were lowest (P < 0.001) in the F grouip. Thuts, the total deiodination of T4 by these alternative pathways was signiificantly different for eaclh dietary groul). Fig. 1 (right) illustrates that the hepatic contenit of NP-SH and GSH wvas significantly differenit (P < 0.01) between each of the three grouips. The su-rprisinig finding, however, was that the levels of 1)oth of these comiipoundis were lowest in G. The hepatic stnlfhydryl contenit was highest in P. A comparison ibetween the hepatic content of sulfhydryls and the enzyvne activities of T4 deiodination to T3 and rT3 ( Fig. 1) obviously demonstrates different patterns. This dissociation between hepatic sulfhydryls anid T4 deiodination suggested that hepatic thiols were not regulatory uinder these conditions. Changes in hepatic NP-SH and GSH in thte G, group). Fig. 2 demonstrates the changes in hepatic NP-SH conse(luent to feeding the rats 20% gltucose diets enriched with increasing amotunts of cysteine. There was an increase (P < 0.001) in hepatic suilfliydryl at the highest dietary cysteine intake (GC3). A similar pattern was noted for the hepatic content of GSH. However, in spite of the increase in the tissue content of stulfhydryls, there was no change in hepatic 5'-deiodination rate (T4 to T3), Fig. 2 . Similarly, the specific activities of T4 deiodination to rT3 were not affected by the changes in the hepatic stilfhydryls secondary to cysteine feeding. (8) and a similar study of Kaplan et al. (7), who compared a P to a 72-h F group (7). Balsam et al. (10) did note that it was possible to reverse the difference in T4 deiodination to T3 between a 48-h F group and a group fed laboratory chow, by adding GSH in vitro; however, these stuidies were performed in tissue preparations from T4-treated animals (10) . Therefore, in the rat, the combination of "chemical hypothyroidism" (low serum T4) and the caloric deprivation induced by fasting apparently affects both deiodinase and cofactor (sulfhydryl) concentration.
However, the difference between G and P cannot be attributed to a hypothyroid state as the mean serum T4 was the same in both groups. Furthermore, the hepatic sulfhydryl concentration was less (P < 0.001) in G compared to P and in addition the diet-induced increase (glucose plus cysteine) in hepatic NP-SH and GSH did not alter the iodothyronine deiodination. The greater activity of T4 deiodination (to T3 and to rT3) in G cannot be attributed to differences in triiodothyronine degradation. The metabolism of both T3 and rT3 to 3,3'-T2 were similar in G and P (unpublished observation).
The observed alterations in hepatic deiodinase activities (G > P) can account for the higher serum T3 values in G compared to P. The previously noted higher serum T3 values in man (17) and rat (18) fed carbohydrates compared to protein are probably due to a similar mechanism. It has also been demonstrated that refeeding with carbohydrate rather than protein in fasted man and rat reverses the effects of fasting on serum T3 and T3 generation from T4 (1, 6).
In conclusion, this report shows that there is a lack of correlation between hepatic sulfhydryls and iodothyronine deiodinase activity in groups of rats fed a variety of diets or fasted for an equivalent period and that the dietary effects are not mediated via alterations in hepatic thiols but are probably modulated through changes in the concentration of deiodinase enzymes.
